ABSTRACT: The objective of this study was to compare longitudinal results from two models of combined anterior cruciate ligament (ACL) and meniscal injury. A modified ACL transection (mACLT) model and a traumatic impact (ACLF) model were used to create an ACL rupture and acute meniscal damage in a Flemish Giant animal model. The animals were euthanized at time points of 4, 8, or 12 weeks. The menisci were assessed for equilibrium and instantaneous compressive modulus, as well as glycosaminoglycan (GAG) coverage. The articular cartilage was mechanically assessed for thickness, matrix modulus, fiber modulus, and permeability. Articular cartilage GAG coverage, fissuring, tidemark integrity, and subchondral bone thickness were measured. Both models resulted in damage indicative of osteoarthritis, including decreased meniscal mechanics and GAG coverage, increased permeability and fissuring of articular cartilage, and decreased GAG coverage. The mACLT model had an early and lasting effect on the menisci mechanics and GAG coverage, while cartilage damage was not significantly affected until 12 weeks. The ACLF model resulted in an earlier change of articular cartilage GAG coverage and fissuring in both the 8 and 12 week groups. The menisci were only significantly affected at the 12 week time point in the ACLF model. We concluded the progression of post traumatic osteoarthritis was dependent on injury modality: a point to be considered in future investigations. ß
Osteoarthritis (OA) is becoming more widely accepted as a whole joint disease where changes occur progressively across all tissues. 1 As such, it is important to monitor temporal changes and assess multiple tissues, including articular cartilage, meniscus, and subchondral bone. Traditionally, OA is characterized only by a loss of articular cartilage and the relation between articular cartilage degradation and other surrounding tissues is not fully understood. In order to move forward with potential therapies, it may be helpful to study disease progression by monitoring simultaneous changes in multiple joint tissues.
Researchers have found that trauma to the joint can cause an early onset of osteoarthritis, known as post traumatic osteoarthritis (PTOA). 2 PTOA can occur in a much wider population affecting patients 9-14 years younger than traditional OA patients, and military personnel as young as 20-30 years old have presented with symptoms. 3, 4 Currently PTOA is estimated to have an annual financial burden on our society of $3 billion. 2 Numerous large [5] [6] [7] [8] [9] [10] [11] [12] and small [13] [14] [15] animal models have been used to assess joint changes following traumatic injury, but injury modalities vary in these models. One of the most popular methods of injury is transection of the anterior cruciate ligament (ACL), leading to knee destabilization. 7, 11, 12, 15, 16 Others have modeled PTOA by partial meniscectomies, [8] [9] [10] chondral defects, 5, 6 and both open and closed joint impacts. [17] [18] [19] Universally, OA changes including increased gross cartilage fissuring as well as meniscal degradation have been reported, regardless of initial damage type. Yet differences in species, time points, and experimental variables between studies make comparisons challenging. Furthermore, in some cases the injury modality does not mimic the typical clinical injuries.
Noncontact injuries such as jump landings 20, 21 as well as planting and twisting motions 22, 23 often result in a combined meniscal and ACL injury. When this concomitant injury occurs, the risk of developing osteoarthritis increases from 6% in the uninjured population 24, 25 to as much as 70% in the injured patient. 26 Many previous studies have focused on injury to either the ACL or the meniscus, 7, 11, 16, [27] [28] [29] [30] but few studies have combined these initial clinical injuries. One approach to model the combined ACL/ meniscus injury is to surgically open the joint and create combined ACL and meniscal damage with a scalpel. 31 This method allows for more control over the injury, but does expose the joint to potential damage from the surgery that can affect the inflammatory response. A limitation to the surgical model is the lack of an acute traumatic loading event. Alternatively, a closed joint impact model 32, 33 is more mimetic of real life injury, but inherently results in some variability in location and type of acute injury.
The objective of the current study was to compare mechanical and histological changes in the meniscus and articular cartilage between two lapine models of knee joint trauma, a surgically induced transection (mACLT) model and a closed joint impact (ACLF) model, across three time points (4, 8, and 12 weeks).
Based on previous studies by our group, 31 ,32 a loss in mechanical integrity of both tissues is expected with a decrease in GAG. It was hypothesized that when compared in a temporal fashion, there would be differences that exist between models. The mACLT model is expected to have greater meniscal changes due to acute damage created and inflammatory response caused by surgery. The ACLF model is expected to have a greater impact on the articular cartilage following the compressive loading injury.
MATERIALS AND METHODS

Animal Models
This study was approved by the All-University Committees on Animal Use and Care at Michigan State University and Colorado State University. Thirty-three mature Flemish Giant rabbits (5.42 AE 0.57 kg) aged 9-12 months were used in this study. Flemish Giant rabbits were selected for their increased size compared to the more common New Zealand White rabbit. The greater volume of tissue allowed for easier and more thorough analysis. Animals were housed in individual cages (60 Â 60 Â 14 in) and were a mix of male (n ¼ 20) and female (n ¼ 13). The animals were randomly separated into two groups, ACLF or mACLT, and three time points, 4, 8, or 12 weeks, for a total of six groups. Right limbs were injured, and the left limbs served as unaffected controls. Contralateral limbs were used as controls rather than a control group as animal-to-animal variance is high. Animals were monitored by a licensed veterinary technician and were administered buprenorphine (0.3 ml/kg BW) for pain as necessary for up to 3 days.
Animals in the ACLF group underwent a single impact to the tibiofemoral joint. 32 With the joint flexed 90˚, a mass was used to strike the distal femur causing ACL rupture and other acute joint damage. A drawer test was performed to verify ACL rupture. Animals in the mACLT group underwent surgical transection of the ACL, and both the medial and lateral menisci were damaged with radial and longitudinal cuts created with a scalpel in an attempt to generally mimic the acute joint damages in the ACLF model. 31 
Mechanical Analysis
Indentation relaxation tests were performed on both tissues in a room temperature, 0.9% phosphate-buffered saline bath. Articular cartilage was tested as previously described 32, 34 at four locations that were relatively flat within each hemijoint when enough tissue was present accounting for: both covered and uncovered tibial cartilage and weight bearing and nonweight bearing areas of femoral cartilage. A needle probe was first used to assess cartilage thickness at a nearby location. A 1.59 mm diameter steel indenter was then displaced to a depth of 30% of the estimated cartilage thickness for 180 s to allow for equilibrium conditions using a custom-built step motor driven device (Physic Instruments, Waldbronn, Germany, Model M-168.3). Following a 1,200 s rehydration period, the needle probe was subsequently used to determine exact thickness at the indentation site. A previously described, fibril-reinforced biphasic cartilage model for indentation of this rabbit articular cartilage was again utilized in the current study to determine the matrix modulus (E m ), fiber modulus (E f ), and tissue permeability (k 0 ) of the cartilage using a custom-written, Gauss-Newton constrained nonlinear least square minimization procedure. 34 To ensure uniqueness of each parameter, sensitivity plots were previously conducted with representative data from this rabbit model and checked for linear dependence over time. These plots demonstrated that the fiber modulus was very sensitive to peak load, the matrix modulus was sensitive to the final equilibrium load, and the model permeability was sensitive to the overall shape of the relaxation curve during the indentation test.
Meniscal tissue was subjected to indentation, relaxation tests (Bionic Model 370.02 MTS Corp., Eden Praire, MN) in the anterior, central, and posterior regions, when enough intact tissue was present. Following a 20 mN preload (with a 1.59 mm diameter indenter tip) to ensure contact, an indentation of 0.25 mm was applied and held for 900 s to reach equilibrium. 31, 32 Similar to previous studies, 31, 32 Hertzian contact was assumed for determination of an instantaneous and equilibrium modulus. A Poisson's ratio of 0.01 was assigned to the menisci. 35 The elastic modulus and Poisson's ratio of the indenter were 210 GPa and 0.3, respectively.
Histological Analysis
All tissues were fixed in 10% formalin following mechanical evaluation. The bones were decalcified using 20% formic acid and tibial plateaus were sectioned in the coronal plane at the midpoint in the anterior-posterior frame of reference, while the femoral condyles were sectioned in the sagittal plane at the midpoint of each condyle. Plateaus and condyles were embedded in paraffin and sectioned at 6 mm. The menisci were embedded in optimum cutting temperature medium (OCT, Pelco; Redding, CA), flash frozen with liquid nitrogen, and cut into 6 mm slices. All sections were stained using Hematoxlyin, Safranin-O, and Fast Green.
Bone/cartilage sections were imaged and the articular cartilage was histologically graded by four blind graders in three categories (GAG coverage, fissures, and tidemark integrity) using a modified Mankin scale, previously described. 32 Subchondral bone thickness (SCBT) was defined as the distance from the transitional line of calcified cartilage and subchondral bone to the transitional line of the subchondral trabecular interface/bone marrow space. Locations of interest included covered and uncovered regions of the tibial plateau and the weight bearing and nonweight bearing areas on the femoral condyles. These locations were defined as a percentage of overall length and width using Image J (NIH, Bethesda, MD) with the FIJI package. Five measurements were taken at 100 mm intervals and then averaged. Meniscal GAG coverage was analyzed using Image J (NIH, Bethesda, MD) with the FIJI package, as previously described. 31 
Statistical Analysis
Analysis of variance (ANOVA) with Tukey's post-hoc tests were conducted on all cartilage mechanics, cartilage thickness, and subchondral bone thickness measurements. Histology results of the articular cartilage were analyzed using a Wilcoxon signed-rank test. Meniscal mechanics and GAG coverage data were subjected to one way repeated measures ANOVA with Tukey's post hoc tests to compare each scoring category between the affected and contralateral control limbs. Significance was taken to be p < 0.05 for all metrics. Due to the large amount of data presented, all analyses were performed on average hemijoint data for each animal.
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RESULTS
Average peak impact force for the ACLF animals was 944 AE 209 N, and all animals experienced ACL rupture. A veterinary technician monitored all animals visually and regardless of model, all animals appeared to return to normal gait within 5 days. During analysis one animal was found to have a tibial plateau fracture, and three animals were found to have open growth plates and were therefore removed from the study. The resulting groups were as follows: ACLF 4 week (n ¼ 2), 8 week (n ¼ 6), 12 week (n ¼ 6), mACLT 4 week (n ¼ 4), 8 week (n ¼ 5), and 12 week (n ¼ 6). Histological analysis was performed on these samples, but due to the severity of damage to some joints mechanical analysis was not always possible at all locations. Sample sizes for all injured limbs across the various assessments can be seen in Table 1 . The ACLF model created acute meniscal damage in 12 of the 14 animals and at dissection all ACLF animals had some meniscal damage with complex longitudinal tears being most common. Cartilage damage was primarily in the medial compartment for ACLF animals whereas damage in the mACLT model was more equal across both hemijoints.
Mechanical Analysis
The thickness of articular cartilage was generally unaffected in either model, although a significant difference (p < 0.05) was documented in the 8 week lateral hemijoint of the mACLT femur (Fig. 1A) . Few changes were observed in the mechanics of femoral articular cartilage in either model, with the exception of a consistent increase in permeability between the control and injured limb. The permeability was increased on average 138 AE 83% from control to injured limb across all time points and hemijoints of the mACLT femurs (Fig. 1G) . Similarly, the only consistent change in the ACLF femurs across all three time points was an average increase in permeability of 111 AE 40%, with a significant change observed in the lateral hemijoint of the 4 week animals (Fig. 1H) . Additionally, in the 12 week mACLT animals the fiber modulus of the affected lateral femoral hemijoint was statistically different than the respective contralateral controls (Fig. 1E) .
A significant difference (p < 0.05) in articular cartilage thickness of the 12 week medial hemijoint to the mACLT tibia was observed ( Fig. 2A ). There were more instances of statistically significant mechanical changes between the affected and control limbs in the tibial cartilage versus the femoral cartilage. For example, there were two cases of significant change in the matrix modulus for the lateral tibial hemijoint in the mACLT model at 4 and 8 weeks (Fig. 2C) . The most consistent change to tibial cartilage was an increase in permeability between the control and affected limbs in both the mACLT (94 AE 64%) and ACLF animals (82 AE 36%) across all time points. Looking at the permeability in specific hemijoints, there were statistically significant changes in the lateral hemijoint of the 4 week mACLT model and in the 8 week lateral, as well as 4 and 12 week medial hemijoints of the ACLF models ( Fig. 2G  and H) .
Indentation results from the anterior, central, and posterior regions of the menisci were averaged for each hemijoint (Fig. 3) . The results from the mACLT model showed that decreases in both the equilibrium and instantaneous moduli between the control and injured limbs were similar across all time points (Fig. 3A and  C) . The average decrease in instantaneous modulus for the mACLT model was 66 AE 9%, and the average change in equilibrium modulus was 70 AE 4%. Significant differences were found more frequently and earlier in the medial hemijoint compared to the lateral hemijoint in the mACLT animals. Changes in the ACLF model were less pronounced and less consistent across the 4, 8, and 12 week timepoints compared to the mACLT model ( Fig. 3B and D) . On average, the instantaneous modulus decreased 53 AE 23%, and the equilibrium modulus decreased 50 AE22%. Most importantly, perhaps, was that a significant difference in the meniscal mechanical properties of the ACLF animals was only found at the 12 week time point. The properties of the control-side menisci were similar across both models. 
Histological Analysis
Interclass correlation coefficients for the four blind graders averaged 0.88 for GAG coverage, 0.89 for fissures, and 0.92 for tidemark integrity. Even when some degradation was present in the control limb, there was generally greater damage in the injured limb. The only significant differences (p < 0.05) documented in cartilage of the mACLT model were observed in the 12 week group on the femur (Table 1) . In the mACLT model, the GAG coverage of cartilage in both the medial and lateral femoral hemijoints was decreased compared to controls and there was an increase in fissuring in the femoral lateral hemijoint compared to controls (Table 2) . Similarly, in the ACLF group, damage to the femoral cartilage was more prominent with significant changes at both 8 and 12 weeks. In the medial hemijoint, there were significant decreases in GAG coverage and increases in surface fissuring at both 8 and 12 weeks. Additionally, at 8 weeks there was a decrease in the GAG coverage of the lateral condyle (Table 3) . No significant changes were documented in the tibial articular cartilage of either model. The SCBT did not appear to be affected as much as other metrics of joint health (Fig. 4) . In the mACLT model, significant changes (p < 0.05) were only observed in the lateral tibia at 4 weeks. The medial femur and lateral tibia in the ACLF animals showed a significant decrease in SCBT at 8 weeks.
Both models showed decreases in meniscal GAG coverage from control to affected limb (Fig. 5) . Overall decreases were greater in the ACLF model than the mACLT model (60 AE 22% and 50 AE 22%, respectively). 
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Similar to the mechanical properties for meniscal tissue, significant changes (p < 0.05) in the lateral and medial hemijoints were documented at 8 and 12 weeks in the mACLT model (Fig. 5A ). In contrast, yet similar to mechanical testing data, significant changes in the meniscal GAG coverage were only present at 12 weeks in the ACLF group (Fig. 5B) .
DISCUSSION
Both models were successful in simulating acute knee joint damage by creating rupture of the ACL and injury to the menisci. Both models showed signs of PTOA including changes in mechanical properties and loss of GAG staining in both AC and meniscus. The mACLT model had a more rapid onset with lasting changes in meniscal mechanics and GAG coverage compared to the ACLF model. Meniscal mechanics and GAG coverage in the ACLF model was not significantly affected until later time points (12 weeks). Relating to articular cartilage changes, the current study showed that the significant changes included fissuring, a decrease in GAG, and an increase in permeability. These cartilage changes were more prominent in the ACLF than the mACLT model. Likely, acute damage to menisci was more severe in the mACLT model accompanied with a greater inflammatory reaction resulting in quicker and lasting changes to its GAG coverage and therefore its mechanics. Animals in the ACLF model experienced acute compressive loading that may have triggered changes to cartilage at early time points compared to the mACLT animals. The mACLT model created slightly more lateral damage, while a higher incidence of damage was noted in the medial hemijoint for the ACLF model (Fig. 6) . 
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Impact loading has been hypothesized to create increased compressive loading of chondrocytes in the intermediate zone of the articular cartilage leading to wear of the superficial zone and increased catabolic enzyme production. 36 Significant changes to the articular cartilage were more frequently documented in the ACLF model supporting this hypothesis. The changes in cartilage permeability may be a result of increases in surface damage on both the tibia and femur in this model. Regardless of model there were substantial increases, albeit not always significant, in cartilage permeability (average of 100 AE 17% across both hemijoints and femur and tibia). Surface fibrillation has been shown to increase permeability 37 and a previous ACLT lapine model with identical time points noted significant surface fibrillation. 11 In the current study, more cartilage surface fibrillation was noted in the ACLF model where significant changes in permeability were observed more frequently.
With increases in permeability there is an expected increase in stress on the cartilage matrix. 38 Interestingly, while more permeability change was documented in the ACLF model, the only significant changes in matrix modulus were noted in the mACLT model. One reason for finding this could be the limited number of samples that were healthy enough to test in the ACLF groups, due to cartilage erosion. In both models changes to articular cartilage were more prominent on the femur than the tibia. A longer study investigating tibial plateau changes by Isaac et al. has reported significant increases in fissuring and loss of GAG at 6 and 12 months. 19 Tibial plateau changes therefore may be more evident in both models at time points longer than 12 weeks. Previously, canine ACLT models have noted increases in articular cartilage thickness as a result of tissue swelling. 12, 39 In both of the current models, however, cartilage thickness was less affected than other measures, but significant differences were documented in the mACLT model which, because of surgical intervention, may be more prone to subsequent tissue swelling.
As noted previously, significant changes to femoral condyle articular cartilage were more prominent in the ACLF than mACLT model. Changes in articular cartilage GAG coverage and fissuring were noted at both 8 and 12 weeks in the ACLF model, but only documented at 12 weeks in the mACLT model. It was hypothesized this may be due to the acute impact loading onto the femoral condyles. No significant changes were documented in GAG coverage, fissuring, or tidemark integrity in the tibia in either model. This may indicate that the menisci took the majority of the impact load, lessening the effects in the underlying tibial cartilage.
Significant changes to meniscal mechanics and GAG coverage were documented as early as 4 weeks in the mACLT model, whereas significant changes were not present in the ACLF model until 12 weeks. There does appear to be a trend, although not significant, of increased GAG coverage over time in the medial meniscus of the ACLF model and both menisci in the mACLT model. Although no long term favoring of the injured limbs was reported, slight favoring of the control limb could have affected GAG coverage over the longer periods of time assessed in this study. Generally, the effects on the menisci were as predicted, with a decline in both moduli and a decrease in GAG coverage. The more rapid meniscal GAG decreases in the mACLT model could have been the result of a different inflammatory response resulting from the surgery. 40 Inflammation has been shown to have a catabolic effect on meniscal GAG coverage. 41, 42 The relationship between GAG coverage and modulus is not fully understood, but some studies have suggested that GAG coverage is related to equilibrium modulus [43] [44] [45] while others report no such relationship. 46, 47 In the current study, there was a similar decline noted between GAG coverage and equilibrium modulus in both models based on the injured versus control limbs.
Radin and Rose have hypothesized that subchondral bone changes precede change in the articular cartilage. 48 Neither of our models indicated that SCBT changes were evident before cartilage changes. However, a previous study using a canine ACLT model with combined meniscectomy documented subchondral bone thinning and consider it a localized phenomenon related to cartilage degradation. 8 This suggestion may have been more consistent with the current study in that SCBT was only significantly decreased in the more heavily damaged cartilage on the medial hemijoint of the ACLF model and the lateral hemijoint of the mACLT model.
There were a number of limitations in the current study including a reduced sample size in the 4 week ACLF group. This reduction in sample size made statistical analysis within this group difficult. Likewise, in numerous samples of menisci and articular cartilage, the severity of damage prohibited mechanical testing. Future work should consider increasing sample size to account for tissue damage as well perhaps assessing time points earlier than 4 weeks and later than 12 weeks as changes outside of this time frame have not been investigated for these models. Another limitation in the current experimental design was the lack of gait analysis. Animals were monitored by a licensed veterinary technician, however, who visualized no apparent favoring of limbs beyond the first 5 days, but more subtle changes in gait could have existed to affect differences in the models and over time in each model. Future studies should include gait analysis to more definitively address this potential issue. Finally, while synovial fluid was collected from all joints, no analysis has been performed on these samples at this time.
CONCLUSIONS
Both models caused changes to the articular cartilage and menisci indicative of PTOA, but the progression and severity of changes differed between models. Because of the limited sample size in each model at various time points, the current results are informative but preliminary in a statistical sense, and suggest future studies are warranted to directly correlate data between models at each time point. The mACLT model, however, was noted to have the earliest effect on menisci mechan-TWO MODELS OF POST-TRAUMATIC OSTEOARTHRITIS ics and GAG coverage, sporadic changes to the articular cartilage mechanics, and late changes to the articular cartilage GAG coverage and overall fissuring of its surface. The ACLF model resulted in more gradual changes with GAG coverage of articular cartilage decreasing and fissures increasing in the mid to late time points, while the menisci were affected more at the later time points. For this reason, depending on the objective of the study, one model may be preferable over the other. Since current clinical data seem to suggest that PTOA is a long-term chronic disease, the ACLF model may be more indicative of the disease progression that occurs clinical in our population today.
